I. INTRODUCTION
Si atoms associated with defects, surface skins, and nanoclusters of various shapes demonstrate many fascinating properties, which make them essential elements in concurrent technologies. [1] [2] [3] [4] [5] [6] It has been recognized that these unusual properties arise from the interaction between undercoordinated atoms, 7, 8 but a systematic characterization and consistent understanding of the energetic behavior of the core and the valence electrons are still lacking though the energy shift of the valence band and the 2p core-level induced by atomic undercoordination at the (100) and the (111) surfaces and in the atomic clusters of Si have been intensively investigated. [9] [10] [11] [12] [13] [14] Recent investigations using a free-electron laser vacuum ultraviolet and x-ray photoelectron spectroscopy (XPS) of size-selected clusters revealed a linear dependence of the energy shifts of both the 2p and the valence bands on the inverse of particle size. [15] [16] [17] [18] XPS measurements also revealed that the spectral intensity of the high-energy (closing to Fermi level, E F ) component increases with the incident beam energy or with decreasing the angle between the incident beam and the surface normal, which indicates that this peak corresponds to the bulk (B) contribution. However, physical origin of the energy shift [19] [20] [21] [22] and assignment of the energy components in the XPS profiles are yet uncertain. The underlying mechanism for the surface and size effect remains unclear, though it is often referred to the variation of surfaceto-volume ratio 23 and the "initial-final states" relaxation in the process of ionization and excitation. 24 We report here with our findings in analyzing the XPS of Si surfaces and clusters based on the framework of BOLS (bond order-length-strength) correlation notation 25 and tightbinding (TB) theory. Reconciliation of the energy shifts of the 2p and the valence band of Si upon bulk, defect, surface, and nanocrystal leads to a consistent understanding of the energy shifts as a result of local bond strain of undercoordinated atoms. DFT (density function theory) calculations using the package of 26, 27 further confirmed the entrapment of electronic binding energy (BE).
II. PRINCIPLES AND CALCULATION METHODS

A. Tight binding approximation
According to the band theory, the th energy level of an isolated atom, E v (0), is determined by the integral of the intraatomic potential, V atom (r), and the eigenwave function of an atom at the specific ith atomic site, jv; ii. Upon the involvement of the inter-atomic potential V cry (r), the core-level BE will shift from the origin hv; ijV cry ðrÞjv; ji
The coordination number z ¼ 0 and 12 represents an isolated atom and an atom in the bulk, respectively. The sum is over all z neighbors of the specific ith atom. Because hv; ijv; ji otherwise, d ij ¼ 0), the term zb/a ( 1. Any perturbation to the bond energy E b will shift the core level accordingly.
B. BOLS: Local quantum entrapment
According to the BOLS notation, the shorter and stronger bonds between under-coordinated atoms cause local densification and quantum entrapment of the electronic BE at sites surrounding the under-coordinated atoms. This entrapment provides perturbation D H to the local Hamiltonian and hence results in a CLS (core level shift). The bond relaxation in length and energy follows:
The bond nature index m ¼ 4.88 for silicon describes how the bond strength change with bond length. Incorporating the BOLS into the tight-binding approximation yields
where
s is the shape factor (s ¼ 1, 2, and 3 corresponds to a thin plate, a cylindrical rod, and a sphere dot, respectively). K being the dimensionless form of size is the number of atoms lined along the radius of a nanoparticle. 25 With respect to the bulk shift DE v (12), the undercoordination induced CLS, DE v (z), follows:
With the given energies of the surface XPS spectral components related to z and z 0 coordination numbers and their correlation, we can determine the referential E v (0), the bulk shift, DE v (12), and the z dependent shift
Using the sum rule of the coreÀshell structure and taking the surface-to-volume ratio into effect, we can deduce the K dependence of vth energy level E v (0) and its bulk shift
Generally, the size-induced shifts of the BE for nanoparticles exhibit an inverse linear size relationship in a form of:
, where A and B are constants that correspond to the intercept and the gradient of the E v (K À1 ) line, respectively. Comparing the experimental scaling relationship with the theoretical expression in Eq. (6) yields
With the derived E v (12), E v (0), m, and the given z values for the outermost three atomic layers, we are able to decompose the measured XPS spectra into the corresponding surface and bulk components.
C. DFT computation
In order to verify the BOLS-TB predictions of the brokenbond-induced quantum entrapment, we conducted DFT calculations of the bond length, charge transfer, and valence charge distribution of Si (100) and (210) surfaces. The relativistic DFT calculations were conducted using the CASTEP code. 29 The Ultrasoft pseudopotential was chosen as approximations for Si to deal with the core potentials including some degree of relativistic effects. 30 Calculations of the Si(100) and (210) stepped surfaces have been performed using the symmetrical 4 atomic layers with the bottom being fixed as bulk and these upper three atomic layers are free as surface. 31, 32 The lattice parameters of the rebuilt supercell of the Si(100) and Si (210) ), respectively. The geometrical optimization and electronic structures were obtained based on LDA(CA-PZ) functional. 26 In each case, the subsequent slabs have been separated by a vacuum region of 12 Å thick. The plane wave cutoff was 240 eV, for thus refined structures final, accurate energy values were then computed with the same code using a precise cutoff energy of 280 eV in all cases. 33 This latter feature allows us to carry out the calculations including only nonequivalent points in the k-space grid 16 Â 8 Â 2 used for sampling the Brillouin zone (BZ) of Si(100) and Si(210) surfaces; this grid, chosen according to a Monkhorst-Plankscheme, gives a BZ sampling interval smaller than 0.05 Å
À1
.
III. RESULTS AND DISCUSSION
A. XPS: Skin-resolved quantum entrapment
According to constraints on the energy separation between each component, Eq. (5), each XPS spectrum is decomposed into the bulk (B) and surface (S i ) components from higher (smaller value) to lower BE upon background correction. The number of components is taken with respect to the originally reported count, [34] [35] [36] but the peak energies are subject to refinement to fit the overall peak intensity.
On the basis of the BOLS-TB approaches, we decomposed the XPS 2p spectra from clean Si(100) 34 and Si(111) 35 surfaces (see Fig. 1 and Table I ). The spectra were decomposed into the B, the first (S 1 ), and the second (S 2 ) atomic layers of the surface. Including the common B component (z ¼ 12), there are a total of l ¼ 5 components for these two surfaces. There will be a combination of N ¼ 10
values of E (0). Using the least-rootmean-square approach, we can find the average of hE v ð0Þi ¼ P N hE i 0 ð Þi=N and the standard deviation. A fine tuning of the CN values of the components will minimize the r and hence improve the accuracy of the effective CN for each sublayer, and hence to determine the local strain, the BE density, and the cohesive energy per discrete atom in differently oriented surface layers. With the derived z value and the 2p BE for each XPS component, one is able to predict the z-resolved local lattice strain, BE shift, atomic cohesive energy E C , and binding energy density E D in the Si skins, as shown in Figure 2 and Table I , where z ib ¼ z /12 is the reduced CN and z ¼ 12 is the bulk value.
The E v (0) and E v (12) are intrinsic constants, which are identical for all the surfaces and atomic clusters of a given material. Using the least-root-mean-square optimization, we obtain the z-resolved 2p core-level shift for Si This information is of great importance in understanding the surface behavior of these under-coordinated atoms.
B. Size-resolved quantum entrapment
If a cluster is approximately spherical, the number of atoms N is related to its radius K by
Eq. (6) yields the N-dependence of the core level BE
As in the BOLS convention, we choosing (100) 34 and (b) Si(111) 35 surfaces with four Gaussian components representing the bulk B, S 2 , and S 1 states from higher(smaller absolute value) to lower BE. These components follow the constraints of Eq. (5). Derived information is given in Table I . 
, and the relative 
Therefore, we can calculate the BE change without needing any other assumptions
Likewise, E vb (N) ¼ 4.46 þ 14.04 N À1/3 eV and E si2p (12) ¼ 98.55 eV are the bulk values derived from the surface XPS spectra.
37-39 U ¼ 4.29 eV is the photoionization energy. 15, 40 With the value of DE 2p (12) ¼ E siþ2p (12) À E siþ2p (0) ¼ 2.46 eV derived from surface analysis, 41 we can then determine the shape factor s ¼ 2.50 and E siþ2p (0) ¼ 100.38 eV in the size dependent spectra. 42 Figure 3 shows that the direct 2p photoionization threshold of 106-111 eV increases linearly with N À1/3 , as does the valence band photoionization threshold in the range of 8-13 eV. The results are in accordance with the BOLS expectation on the size-induced energy shifts of both the 2p and the valence bands for Si N atomic clusters. The size trend of the energy shift is in consistence with the surface positive shift. Therefore, both the size-and the surface-induced energy shifts of Si are dominated by the broken-bond-induced local strain and the skin-depth quantum entrapment. Note that the Si size-selected clusters have been reported by Vogel et al. using the first free-electron laser vacuum ultraviolet and soft x-ray photoelectron spectra and the confined cluster ions are irradiated by a monochromatic soft x-ray beam at BESSY II undulator beamline U125/2-SGM. These product ions are detected by a reflect on time-of-flight mass spectrometer as the photon energy is scanned across the silicon 2p core level binding energy with a step size.
C. DFT derivatives
In consistent with the BOLS predictions, the current DFT calculations confirm the spontaneous bond contraction at the stepped Si(210) surfaces. Figure 4 (a) shows that Si(210) stepped surfaces Si bond contraction shortens the distances between atom E and its neighbors denoted 1, 2, and 3 by 32.89%, 21.68%, and 11.61%, respectively. In fact, the highly coordinated atoms prefer larger first-neighbor distances than atoms and the otherwise. Therefore, inner atoms represent the ideal distance of the bulk, while skin atoms show bond contraction. Results obtained here agree with the reported bond contraction observed in Ag, Au, Cu, Ni, Pd, Pt, and Fe atomic chains 43, 44 with clarification of the quantum entrapment and polarization in this contribution.
According to the principal of least energy, any spontaneous process proceeds toward the direction of energy reduction. Therefore, the spontaneous process of bond contraction is associated with the inter-atomic trapping potential well depression or the single bond energy gain. Figure 4 compares the DFT results for the stepped Si(210) surface and the flat (100) surface. It can be seen from Figure 4 (b) that the s -orbit local DOS of the Si(210) surface shift more than that of the (100) surface toward E F . Si(210) step induced entrapment of the LDOS of s-orbit with respect to that of Si(100) surface. Trend consistency between calculations and XPS observations confirmed the BOLS predictions.
IV. CONCLUSION
Incorporating the BOLS-TB correlation with the DFT calculations and XPS measurements has led to a consistent insight into the physical origin of the generation of the localized edge states of Si surfaces and atomic clusters. Analyzing the XPS spectra for the Si(100) and (111) surfaces and Si clusters has resulted in the 2p BE of for an isolated Si atom as 96.089 6 0.008 eV with a bulk shift of 2.461 eV, respectively. It is clarified that the surface-and size-induced BE shift arises from the broken-bond-induced local strain and skin-depth quantum entrapment. DFT calculations confirmed the BOLS expected trend consistency between calculations and XPS observations. 
